Fluorescence in situ hybridization has shown that cells labeled with an Archaea-specific probe (ARCH915) accounted for approximately 10% of the total cell count in oil-contaminated groundwater accumulated at the bottom of an underground crude oil storage cavity. Although chemical analyses have revealed vigorous consumption of nitrate in cavity groundwater, the present study found that the methane production rate was higher than the nitrate consumption rate. To characterize the likely archaeal populations responsible for methane production in this system, fragments of 16S ribosomal DNA (rDNA) were amplified by PCR using eight different combinations of universal and Archaea-specific primers. Sequence analysis of 324 clones produced 23 different archaeal sequence types, all of which were affiliated with the kingdom Euryarchaeota. Among them, five sequence types (KuA1, KuA6, KuA12, KuA16, and KuA22) were obtained in abundance. KuA1 and KuA6 were closely related to the known methanogens Methanosaeta concilii (99% identical) and Methanomethylovorans hollandica (98%), respectively. Although no closely related organism was found for KuA12, it could be affiliated with the family Methanomicrobiaceae. KuA16 and KuA22 showed substantial homology only to some environmental clones. Both of these branched deeply in the Euryarchaeota, and may represent novel orders. Quantitative competitive PCR showed that KuA12 was the most abundant, accounting for ϳ50% of the total archaeal rDNA copies detected. KuA1 and KuA16 also constituted significant proportions of the total archaeal rDNA copies (7 and 17%, respectively). These results suggest that limited species of novel archaea were enriched in the oil storage cavity. An estimate of specific methane production rates suggests that they were active methanogens.
Underground cavities are used for the long-term storage of crude oil in several countries, and one such facility is situated at Kuji in Iwate, Japan. These cavities have been constructed in groundwater-rich rocky strata, where high groundwater pressure confines the stored oil in the cavities (42) . Consequently, groundwater migrates into such cavities, accumulates at the bottom (called cavity groundwater), and is subsequently discharged to maintain the oil storage capacity. This flow of groundwater facilitates establishing a continuous culture of microorganisms at the bottom of these cavities. In this system, the total count of microorganisms in cavity groundwater was constantly more than 10 6 cells per ml (a density 100 times higher than that observed in the groundwater around the cavity). This habitat is characterized by immediate contact with a large quantity of crude oil and by an excess of electron donors (i.e., hydrocarbons) but also by a shortage of electron acceptors (42) . These characteristics may be similar to those of microbial habitats in subterranean oil fields that have recently attracted strong microbiological attention (21, 23, 27, 31, 40) . Since groundwater can easily be obtained from the bottom of an oil storage cavity by using installed sampling facilities without contamination by surface water (42) , oil storage cavities are considered to represent good models for studying the microbial ecology of subterranean oil fields.
In our previous study, fluorescence in situ hybridization (FISH) showed that cells labeled with Bacteria-and Archaea-specific probes (EUB338 and ARCH915, respectively) accounted for approximately 50 and 10% of the total cell count in cavity groundwater (K. Watanabe, Y. Kodama, and N. Kaku, submitted for publication). Cloning and sequencing approaches for bacterial 16S ribosomal DNA (rDNA) and subsequent quantitative analyses have indicated that bacteria related to Desulfotomaculum, Acetobacterium, Desulfovibrio, Zoogloea, and Thiomicrospira denitrificans constituted significant populations in the cavity groundwater (42; Watanabe et al., submitted). These results suggest the coexistence of bacteria exhibiting different types of energy metabolism and were somewhat unexpected, since chemical analyses of the groundwater have suggested that nitrate reduction was the dominant terminal electron-accepting (TEA) process (42) . The purpose of the present study was to characterize the archaeal populations present in oil-contaminated cavity groundwater. Culture-independent molecular phylogenetic approaches have recently shown that archaeal populations are present in a variety of environments, including marine (7, 8, 13) , freshwater (25, 35, 49) , and soil (4, 5, 15, 16) ecosystems. In addition, archaeal populations have also been found in microbial communities engaged in anaerobic petroleum hydrocarbon degradation (9, 12, 45, 48) . We therefore anticipated that archaeal populations would constitute important niches in the microbial community that had been established in cavity groundwater.
MATERIALS AND METHODS
Groundwater samples. Samples of oil-contaminated cavity groundwater were obtained from a sampling facility of the TK101 underground crude oil storage cavity at Kuji in Iwate, Japan, in 1999, 2000, and 2001. The characteristics of cavity groundwater from this site have been described elsewhere (42) . A groundwater sample used for measuring metabolic activities was placed on ice, immediately after it was collected in a bottle. By minimization of the headspace in the bottle, the groundwater could be kept anaerobic; its redox potential was below Ϫ100 mV when it was used for measuring metabolic activities. Groundwater samples used for molecular analyses were filtered through 0.22-m-pore-size membrane filters (type GV; Nihon Millipore, Tokyo, Japan) immediately after collection.
TEA activities. Approximately 3 h after sampling, cavity groundwater (100 ml) was infused into a 150-ml bottle under nitrogen atmosphere and treated with the Anaeropak reagent (Mitsubishi Gas Chemicals, Tokyo, Japan) to remove any trace amount of oxygen. The bottles were sealed with butyl rubber septa and aluminum crimp caps, and resazurin was added to a final concentration of 2 mg liter Ϫ1 to confirm anaerobicity. Sodium nitrate was then added to approximately 1 mg liter Ϫ1 (12 M), and the bottle contents were incubated at 16°C (the in situ temperature [42] ). The concentrations of nitrate and sulfate were determined by ion chromatography with an IA-100 ion analyzer (DKK Toa, Tokyo, Japan). The amount of methane was measured by headspace gas chromatography using a GC-14 gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a flame ionization detector (Shimadzu) and a Porapak-Q column (80/100 mesh; Nihon Waters, Tokyo, Japan) as previously described (19, 38) . The total amount of methane in the sample was estimated from a standard curve produced with bottles containing 100 ml of N 2 -purged sterile groundwater and known amounts of methane. TEA activities were calculated from changes in concentration of these compounds during the initial 12 h after commencement of the incubation.
Design of PCR primers. Primers A341If, A1063Ir, and A533r were designed by modifying known ones ( Table 1 ). The following archaeal 16S rDNA sequences were analyzed for the modification: Desulfurococcus mobilis (M36474), Thermosphaera aggregans (X99556), Pyrodictium occultum (M21087), Pyrodictium abyssi DSM 6158 (X99559), Sulfolobus acidocaldarius DSM 639 (D14053), Sulfolobus metallicus DSM 6482 (X90479), Sulfolobus shibatae (M32504), Sulfolobus yangmingensis (AB010957), Acidianus ambivalens (X90484), Metallosphaera prunae DSM 10039 (X90482), Stygiolobus azoricus DSM 6296 (X90480), Sulfurisphaera ohwakuensis IFO15161 (D85507), uncultured Sulfolobales strain MS1 (AF169011), Thermofilum pendens DSM 2475 (X14835), Pyrobaculum aerophilum (L07510), Thermoproteus tenax (M35966), Caldivirga maquilingensis (AB013926), Pyrobaculum aerophilum (L07510), Pyrobaculum islandicum (L07511), Pyrobaculum oguniense (AB029339), Thermocladium modestius PCR, cloning, and sequencing of 16S rDNA. DNA was extracted from the cavity groundwater as described previously (42) with two modifications. First, cells in the cell suspension buffer were treated with 10 mg of proteinase K ml Ϫ1 at 37°C for 1 h. Second, three cycles of freezing at Ϫ80°C and thawing in a 70°C water bath were conducted following the hot-detergent treatment. PCR amplification of the 16S rDNA fragments was performed with eight pairs of primers, A25f and A958r, A25f and A1063Ir, A25f and A1391r, A25f and U1492r, A341If and A958r, A341If and A1063Ir, A341If and A1391r, and A341If and U1492r (Table 1) . PCR mixtures (50 l) contained 1.25 U of Taq DNA polymerase (Amplitaq Gold; Applied Biosystems Japan, Tokyo, Japan), 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.001% (wt/vol) gelatin, each deoxynucleoside triphosphate at a concentration of 200 M, 25 pmol of each primer, and 10 ng of template DNA. The amplification conditions were as follows: 10 min of activation of the polymerase at 94°C, followed by 30 cycles consisting of 1 min at 94°C, 1 min at the annealing temperature (described next) and 2 min at 72°C, and finally 10 min of extension at 72°C. The annealing temperature used was 50°C, except for primer set A341If and A1063Ir (55°C). Amplified fragments were purified by electrophoresis, ligated into the pGEM-T vector (Promega, Madison, Wis.), and cloned into Escherichia coli as described previously (42) . Vector-harboring clones were selected on Luria-Bertani plates (34) supplemented with ampicillin (50 g ml Ϫ1 ). PCR-amplified 16S rDNA fragments were recovered from each colony by PCR with primers T7W and SP6W (these primers target pGEM-T vector sequences flanking the insertion; see Table 1 ) as described previously (42) . Clones containing appropriate insert sizes were selected by an electrophoretic analysis, and their nucleotide sequences were determined as described previously (42) .
Nucleotide sequence analysis. Database searches for related 16S rDNA sequences were conducted using the BLAST program (20) and the GenBank database. The profile alignment technique of ClustalW version 1.7 (37) was used to align the sequences. Each alignment was refined by visual inspection, and secondary structures were considered for the refinement analysis (17) . A phylogenetic tree was constructed by the neighbor-joining method with the njplot program in ClustalW, version 1.7. Nucleotide positions at which any sequence had a gap or an ambiguous base were not included in the phylogenetic calculations. Checks for chimeric sequences were conducted by the chimera check program in the Ribosomal Database Project database (26) .
Competitive PCR (cPCR).
The primers used for cPCR (Table 1) were designed by comparing the 16S rDNA sequences obtained in this study with those in the RDP database (26) . The specificity of each primer was checked using the probe match program in the Ribosomal Database Project database. Competitor fragments were produced using the competitive DNA construction kit (Takara Shuzo, Ohtsu, Japan). The cPCR systems developed in this study are summarized in Table 2 . The composition of PCR was as described above, except for the competitor fragment being added at a known copy number. The PCR conditions were as described above except that 35 cycles of amplification were performed and the annealing temperatures were as described in Table 2 . Two microliters of the PCR product was analyzed by electrophoresis through 1.5% (wt/vol) agarose gels with Tris-borate-EDTA buffer, and the gels were photographed after staining with SYBR Gold (FMC Bioproducts, Vallensbaek Strand, Denmark). The band intensities of the target and competitor fragments were quantified by using the Multianalyst program supplied with Gel Doc 2000 (Bio-Rad, Hercules, Calif.). The copy number of the target 16S rDNA fragment was estimated by considering the band intensity, length of the fragment, and copy number of the competitor as described by Lee et al. (22) .
Nucleotide sequence accession numbers. The nucleotide sequences reported in this paper have been deposited in the DDBJ, EMBL, and National Center for Biotechnology Information nucleotide sequence databases under accession nos. AB077211 to AB077233.
RESULTS

TEA activities.
Our previous studies have suggested the presence of Archaea in cavity groundwater in addition to bacteria related to sulfate reducers and nitrate reducers (42; Watanabe et al., submitted). This present study measured the rates of nitrate consumption, sulfate consumption, and methane production in cavity groundwater to compare the TEA activities (Table 3 ). It was found that the methane production rate was approximately fivefold higher than the nitrate consumption rate. The sulfate concentration in the bottles slowly increased during the incubation period.
Diversity of rDNA sequences. A 16S rDNA approach was used to characterize the likely archaeal populations responsible for methane production in cavity groundwater. The 16S rDNA fragments were amplified by PCR from groundwater DNA obtained in March 1999 using eight pairs of primers (see Tables 1 and 4 ). The rationale for using multiple primer sets was to evaluate and obviate bias in the rDNA approach resulting from primer-specific amplification of preferential groups of rDNA. Among the primers used, A341If and A1063Ir were developed in this study by modifying known rDNA primers (Table 1) . This modification was achieved by considering mismatches between the original sequences and the archaeal 16S rDNA sequences listed in Materials and Methods. Inosine residues were introduced at positions in these primers where mismatches with any of the aforementioned 16S rDNA sequences had been found. The introduction of inosine residues into PCR primers has been suggested to be useful for reducing the amplification bias caused by primer mismatches (6, 43) .
The PCR-amplified 16S rDNA fragments were cloned into E. coli, and eight libraries of clones were consequently made according to the primers used for PCR (Table 4 ). The nucleotide sequences of 324 clones in total were determined, which produced 23 different archaeal sequence types (classified as a unique clone or group of clones with sequence similarity of Ͼ0.98, named KuA; refer to Table 4 ). The number of archaeal sequence types found in one library ranged from 2 to 13, with one primer set (A341If and A1063Ir) producing the largest number of types. Primer set A341If and U1492r amplified many bacterial 16S rDNA fragments. One sequence type, KuA1, was found ubiquitously in all eight libraries, while 17 sequence types were specific for one library. The database search (Table 4 ) and phylogenetic analysis ( Fig. 1) indicated that all of the 23 sequence types were affiliated with Euryarchaeota. Among them, seven sequence types (KuA1, KuA2, KuA3, KuA4, KuA5, KuA6, and KuA9) were closely related to known methanogens. The other sequence types were related (Ͼ90%) only to unidentified environmental clones (13 sequence types) or were Ͻ90% identical to rDNA sequences found in the database (three sequence types). Eleven sequence types were affiliated with known euryarchaeotic orders: six with Methanosarcinales and five with Methanomicrobiales (Fig. 1) . The other 12 sequence types were not affiliated with any of the known euryarchaeotic orders and were divided into five candidate divisions (order-level phylogenetic groups I to V, which include only 16S rRNA sequences of uncultured organisms; see Fig. 1 ).
Quantification of rDNA copies by cPCR. The rDNA sequence analysis detected sequence types KuA1, KuA6, KuA12, and KuA16 in relative abundance in several libraries (Table 4 ). In addition, KuA22 constituted a large proportion in library 341/1063, although it was found only in this library (Table 4) . In order to examine whether the archaeal populations represented by these sequence types actually constituted significant proportions in the total archaeal population of cavity groundwater, quantitative cPCR assays with specific primer sets (Table 1) were developed and are summarized in Table 2 . The utility and limitation of cPCR assays for quantifying microbial populations in natural ecosystems have been described previously (22, 41; Watanabe et al., submitted).
When E. coli cells harboring these archaeal rDNA clones were used as templates, PCR products with the expected sizes were obtained only from those clones harboring the expected sequence types as listed in Table 2 . Primers A341If and A533r were used in the cPCR for quantifying the total archaeal population. A533r was designed by comparing the rDNA sequences listed in Materials and Methods and had one mismatch (at nucleotide position 523 in the E. coli sequence) with typical 16S rDNA sequences affiliated with Methanococcales. However, this mismatch may not have affected the cPCR estimate of total archaeal rDNA in cavity groundwater, since no Methanococcales rDNA sequence was obtained from cavity groundwater (Fig. 1) . Figure 2A shows that the PCR successfully amplified DNA fragments of the expected sizes from the groundwater DNA (the March 1999 sample). The results of the cPCR assays summarized in Table 2 of three groundwater samples (obtained in March 1999, July 2001, and December 2001) are shown in Fig. 2B . KuA12 rDNA (detected by the MM cPCR assay) was the most abundant in these groundwater samples, constituting approximately 50% (the average of three samples) of the total archaeal rDNA copies (detected by the AC cPCR assay). The CDII and MS cPCR assays also detected relatively large proportions (approximately 17 and 9% on average, respectively) of the total archaeal rDNA. The rDNA detected by the MH cPCR assay that targeted KuA6, the sequence type abundantly identified in several libraries, was least abundant. The sum of the ratios of these five rDNA types accounted for 71% (the March 1999 sample), 74% (the July 2001 sample), 
DISCUSSION
This study has characterized the archaeal populations that were present in an oil-contaminated cavity groundwater system and may have been involved in the decomposition of petroleum constituents, although no direct evidence of degradation processes was provided. Since methane production is a TEA process specifically catalyzed by a group of archaea called methanogens (2), we first measured the methanogenic activity (methane production rate) in the cavity groundwater. A com- (Table  3 ) revealed active methane production that was much greater than the nitrate consumption rates measured. Recently, anaerobic methane oxidation coupled to sulfate reduction has been reported (4a, 18), suggesting the possibility that actual methanogenic activity may have been greater than the methane production rate measured. Specific methane production rates were estimated for the total archaeal population in the Kuji cavity groundwater, and these values were compared with those of other environmental samples, enrichment cultures, and pure cultures (Table 5 ). It was found that the specific rates exhibited by the Kuji Archaea were quite high; surprisingly, the rates were higher than the rate of one of the most active thermophilic methanogens, Methanobacterium thermautotrophicum Marburg. Although we need to pay attention to possible bias caused by the methods employed for determining these values (e.g., the conditions for the activity measurements, the detection method for the archaeal cells, and the cell mass used for the calculation), the data suggest that quite active methanogens are present in this oil storage cavity. We are presently investigating how the methane is produced; further chemical analyses of the groundwater are under way to identify the specific substrate(s) for methane production.
Although rDNA analyses have previously suggested the presence of sulfate-reducing bacteria as a significant proportion of the total bacterial populations in cavity groundwater (Watanabe et al., submitted), Table 3 shows that there was no net consumption of sulfate but that it was, in fact, slowly produced. In addition, sulfate was constantly detected in cavity groundwater at concentrations from 4 to 7 mg liter Ϫ1 (Table 3  and reference 42) . We have recently isolated a chemolithotroph that oxidized sulfide to sulfate coupled to nitrate reduction (K. Watanabe, Y. Kodama, and S. Harayama, Abstr. 9th Int. Symp. Microb. Ecol., abstr. P. 20.002, 2001 ). In addition, FISH (42) and cPCR studies (Watanabe et al., submitted) have shown that this bacterium constituted the major population in cavity groundwater. We found that groundwater migrating into the Kuji cavities contained substantial amounts of nitrate that were almost completely consumed in the oil storage cavities (42) . It is therefore likely that a sulfur cycle involving sulfate- Table 2 ) in DNA extracted from the cavity groundwater. The mean of three determinations is shown, and an error bar indicates the standard deviation. See footnote a to Table 2 for definitions of abbreviations. [29] ) was used for estimating the value per milligram of dry cells. c The archaeal cell content in the Rotsee sediment (49) was used for calculation. d The value was estimated for the total biomass determined as volatile suspended solids. e A value per milligram of protein was converted to that per milligram of dry cells by using the standard protein content of bacterial and archaeal cells (0.5 [30] ). f UASB, upflow anaerobic sludge blanket. g EGSB, expanded granular sludge bed.
reducing bacteria and anaerobic sulfur-oxidizing bacteria equilibrated the sulfate concentration. This idea allows us to further suggest that sulfate reduction is also an active TEA process in the oil storage cavity. Together with the findings just described, our observations suggest that multiple TEA processes simultaneously operate in the cavity groundwater; it would be interesting to investigate how these TEA processes interact with each other.
Eight pairs of oligonucleotide primers were used in this study for PCR amplification of archaeal 16S rDNA fragments from groundwater DNA. The cloning and sequencing of the amplified fragments produced many primer-set specific sequence types, while only one sequence type (KuA1) was common to all libraries (Table 4) . Although KuA1 included the largest number of clones (145 out of 324), the cPCR analysis showed that this rDNA type represented only 7% of total archaeal rDNA, indicating that this sequence type was preferentially cloned. We consider that less efficient amplification of KuA1 than of its competitor was not likely, because the MS cPCR assay was successfully used to estimate a copy number of the KuA1 fragment recovered by PCR with primers T7W, and SP6W from an E. coli clone. In contrast, KuA12, the rDNA type most abundantly detected by cPCR (sharing 50% of the total archaeal rDNA), included only 19 clones that were distributed in five libraries. KuA12 was not included in three libraries (25/958, 341/958, and 341/1492). We assume that rDNA analyses of other microbial communities using these primers may have failed to detect this group of 16S rDNA sequence types even if organisms represented by such sequence types constituted major populations.
The cPCR data (Fig. 2) indicated that a large percentage of the total archaeal rDNA (71 to 80%) was represented in the clone libraries. We suggest that the use of the multiple primer sets for retrieving the rDNA sequences enabled this wide detection, although this method has not been popular in previous studies. Ficker et al. have used a primer set corresponding to A25f/U1492r for PCR amplification of archaeal 16S rDNA fragments from a toluene-degrading methanogenic consortium (12) . In their study, a subsequent FISH analysis with probes specific for the obtained 16S rDNA sequences detected only 29% of the total archaeal population (12) , suggesting that a large portion of the total archaeal rDNA in the consortium remained uncharacterized. We suggest that the use of multiple primer sets is one possible way to obviate or at least mitigate the bias caused by primer-specific amplification in constructing rDNA libraries.
Environmental rDNA sequences have been used to infer some properties of the organisms that they represent (9, 12; Watanabe et al., submitted), although this type of analysis is possible only if some common properties are known for isolated organisms affiliated with the same phylogenetic group. In the present study, sequence type KuA1 was closely related to M. concilii (Table 4) , for which the only known energy metabolism is acetoclastic methanogenesis (44) . This suggests that the archaeon represented by this sequence type in our analysis also engages in acetoclastic methanogenesis. Ribosomal DNA sequences highly homologous to Methanosaeta have also been retrieved as major clones from hydrocarbon-contaminated groundwater (9) and from toluene-degrading (12) and hexadecane-degrading (48) methanogenic consortia, and acetoclastic methanogenesis has been suggested to be the major TEA process associated with anaerobic hydrocarbon degradation (9, 12) . As already discussed, however, this study indicated the possibility of bias in the cloning and sequencing analysis toward the Methanosaeta rDNA type, implying that the importance of this group of archaea may have been overestimated. We assume that the contribution of the Methanosaeta archaeon to methane production in the cavity groundwater (Tables 3 and 5) was not large, because the methane production rates of this group of archaea are generally low (an example is presented in Table 5 ).
Other rDNA sequence types whose phylogenetic information could be used to predict their physiology include KuA6 (affiliated with the genus Methanomethylovorans, a methylotrophic methanogen [24] ) and KuA9 (affiliated with Methanoculleus in Methanomicrobiales, known to utilize H 2 -CO 2 and formate [44] ). In addition, the phylogenetic analysis shown in Fig.  1 indicates that KuA12 could be affiliated with Methanomicrobiales (Fig. 1) , although its phylogenetic relationship to known cultivated members of this order is rather weak; the highest match in the sequence was observed with Methanofollis liminatans (91%). We thus conducted a further rDNA analysis to identify the phylogenetic position of KuA12 (Fig. 3) and found that it belongs to the family Methanomicrobiaceae. Accord- ingly, we assume that KuA12 represents an archaeon that utilizes H 2 -CO 2 and formate for methanogenesis (44) . The phylogenetic analysis shown in Fig. 1 indicates that 12 rDNA sequence types could not be affiliated with the known orders in Euryarchaeota, these being grouped into five candidate divisions. Among them, candidate division I corresponds to rice cluster I (16), which forms a novel clade within the phylogenetic radiation characterized by members of the two orders Methanomicrobiales and Methanosarcinales. Phylogenetic distance analyses of the members of Methanomicrobiales, Methanosarcinales, and rice cluster I have indicated the latter to be an order-level phylogenetic group (16) . Similarly, candidate divisions II and III, respectively, correspond to rice clusters III and V (16) . Candidate division II includes the second most abundant rDNA type, KuA15/16. Candidate division III includes rather diverse rDNA sequences. For example, the sequence identity between ABS9 and Rot13 is 82%. This level of identity has in some cases been used to separate rDNA sequences into two order-level phylogenetic groups (16), suggesting that further studies are needed on this group. The rice clusters have originally been proposed for archaea inhabiting a rice paddy field (15, 16) , while the results of the present study indicate that members of these groups of archaea are distributed more widely in anoxic environments, e.g., in subsurface aquifers, anaerobic digesters, and lake sediments.
Candidate divisions IV and V branched deeply in Euryarchaeota (Fig. 1) . The branching points of these phylogenetic groups were almost unchanged when the maximum-likelihood method (11) was used as the treeing algorithm (data not shown). Candidate division IV includes three KuA sequence types together with one sequence obtained from a hydrocarbon-contaminated aquifer in the United States (9) . In addition, these sequences also show homology to some rDNA sequences retrieved from a deep-sea hydrothermal vent (e.g., environmental clone pISA48 [AB019755] [36] ). In the present study, this group of rDNA was obtained only when primer set A341If and A1063Ir was used for PCR amplification. We thus assume that these rDNA sequences have hardly ever been obtained when some conventional archaeal rDNA primers were used. This notion is based on sequence analyses of these rDNA types; several specific nucleotide substitutions were found in the regions that have been used for the archaeal probe and primer, e.g., probe ARCH915 and primer A958r (Fig. 4) . The three mismatches in ARCH915 may have allowed this group of archaea to escape from detection by FISH. It is therefore likely that archaea represented by this group of rDNA may be distributed more widely than hitherto believed. Candidate division V includes two KuA sequence types and one sewerageassociated clone. In addition, these rDNA sequences show high homology to the rDNA sequence (WCHA1-57) obtained from a hydrocarbon-contaminated aquifer in Michigan (9). WCHA1-57 was not included in the dendrogram (Fig. 1) , since its sequence region only partially overlaps the region of KuA14. These sequence analyses reveal that many KuA rDNA types are related to rDNA types that were obtained from the hydrocarbon-contaminated aquifer in the United States (9) , suggesting that these rDNA types may be widely distributed in oil-contaminated subsurface environments.
In conclusion, our molecular phylogenetic approach found substantial diversity in the archaeal populations present in oil-contaminated cavity groundwater and demonstrated that several species of Archaea were enriched in this groundwater. Results obtained in this study also suggest the need for careful selection of PCR primers and probes and, in some cases, use of multiple primer sets, when one truly wants to understand the molecular diversity of a microbial community. Besides, the estimated specific methane production rate suggests that hydrogenotrophic methanogens may have played a major role in the TEA process in cavity groundwater.
